In this paper, we report on the co-operative control of a 5-DOF controlled magnetically-levitated (maglev) local actuator (MLA) combined with a conventional electrical discharge machine, which we developed as a means to increasing the electrical discharge machining (EDM) speed for small deep holes. The MLA enables the electrode to be rotated as well as to be rapidly positioned. Compared to conventional EDM without electrode rotation, the machining speeds in machining φ0.5×4mm and φ1×4mm through holes were increased by 125% and 337%, respectively, using the EDM machine combined with the MLA without electrode rotation；while with electrode rotation, the co-operatively controlled combination increased the machining speed by a maximum of 343% in machining φ0.5×4mm through holes at 800rpm and 433% in machining φ1×4mm through holes at 600rpm.
Introduction
Electrical discharge machining (EDM) is a non-contact material removal process, which is widely used for machining complex shapes, micro holes or hard material parts (1) (2) . To obtain a stable electrical discharge and high machining speed, a constant suitable gap between the work-piece and the electrode needs to be maintained during EDM. However, the distance between the work-piece and the electrode changes as material is removed from the work-piece and the electrode during the electrical discharge process. Furthermore, debris formed by the removed material can accumulate in the gap and cause abnormal electrical discharge between the electrode and the work-piece, which can diminish the machining speed and quality.
Stacked one degree of freedom (1-DOF) lead-screw mechanisms or linear positioning tables are normally used to position the electrode or the work-piece in conventional EDM machines. The positioning response of such mechanisms is somewhat slow, due to the rotary inertia of the lead-screws and the mass of stacked tables, so that the electrode or the work-piece cannot be re-positioned sufficiently quickly to maintain a suitable distance (3) , and the machining speed is limited. In small hole-EDM, the use of local actuators which possess faster positioning response than that of a conventional EDM machine has been studied (4) (5) (6) . These actuators increase the positioning response of the electrode to maintain a constant suitable gap to the work-piece, however, the stroke of these actuators is limited to from several tens to several hundreds of micrometers and consequently they are unable to realize high speed nor a long stroke jump of the electrode in the axial direction to flush the dielectric fluid away from the work-piece. The necessity for flushing the dielectric fluid for removing the debris and stabilizing the electrical discharge condition during small deep hole-EDM processes is well known. Related to the enhanced flushing, there have been many reports in the literature that rotation (7) (8) (9) (10) , orbital motion (11) and high speed jump motion (12) (13) of the electrode increase the machining speed and quality in small hole-EDM. However, there have been no reports on actuators that combine high speed positioning with rotation of the electrode. The authors developed a five degrees of freedom (5-DOF) controlled magnetically-levitated (maglev) local actuator (MLA) (14) which enabled a rapid response to be combined with orbital motion of the electrode and a high speed stroke jump of several millimeters in the axial direction. The increase in machining speed using this set up has been experimentally confirmed (15) (16) (17) . However, the power supply brushes of the MLA were in direct contact with the spindle so that the electrode was unable to rotate smoothly and accurately. Kunieda et al. developed a non-contact power supply method using electrostatic induction feeding (18) ; however the combination of rapid positioning, multi-DOF motion and non-contact power supply to the electrode has not been reported.
To realize rapid positioning in the axial and radial directions and long stroke positioning in the axial direction as well as high speed and accurate rotation of the electrode in small deep hole-EDM, the authors developed a new compact 5-DOF controlled MLA, which is shown in Fig. 1 , and reported on the positioning and rotational performance of the levitated spindle shaft (19) . Utilizing a magnetic coupling mechanism, the MLA can provide translational motion with a rapid response and rotation of the electrode, and the discharge voltage can be fed to the electrode without disturbing the motion of the electrode. The purpose of this paper is to construct a co-operatively controlled combination of the 5-DOF MLA and a conventional electrical discharge machine, and use this to evaluate the effectiveness of combining the rapid response positioning with rotation of the electrode by the 5-DOF MLA in small deep hole-EDM. In this paper, only the electrode motion in the Z direction is positively controlled according to the gap voltage between the electrode and work-piece. The actuation in the X, Y, Θ and Φ directions are used to support the levitated spindle shaft and suppress its rotational vibration.
5-DOF controlled MLA
This section briefly introduces the mechanism and performance of the MLA. As shown in Fig. 1 , the spindle of the 5-DOF controlled MLA is levitated by a thrust magnetic bearing (MB) and two radial MBs in three orthogonal (X, Y and Z) and two tilt (Θ and Φ) directions. A magnetic coupling mechanism attached on the upper end of the MLA is adopted for feeding the discharge voltage and rotating the electrode which is attached to the spindle shaft, as shown in Fig. 2 .
In the magnetic coupling mechanism, a Halbach permanent magnet (PM) array is attached to a power supply ring, and a tooth magnetic ring made of pure iron is attached to the levitated spindle shaft. The power supply ring can be rotated by a DC motor through a pair of spur gears, and synchronous rotation between the power supply ring and the levitated spindle shaft can be realized by utilizing the attractive force between the Halbach PM array and the tooth magnetic ring. Brushes contact the power supply ring, and soft flexible wires connect the power supply ring to the electrode, so that the discharge voltage can be fed to the electrode without direct contact between the brushes and the spindle shaft. Therefore, with the magnetic coupling mechanism, the electrode can be rotated and the voltage supplied without interfering with the levitation of the spindle shaft.
The performance of the prototype MLA is summarized in Table 1 . The height of the MLA, without an electrode and its attachment, is 159mm and the width, without the DC motor, is 100mm. The weight of the MLA with all the attachments is 10kg. 
Co-operative EDM system

Experimental setup
In order to compensate the MLA positioning stroke in machining holes with depths greater than 2mm, the MLA was mounted on and co-operatively controlled with a conventional EDM machine (MEMH8N, Mitsubishi Electric Corporation), as shown in Fig.  1 . This is called a co-operative EDM system in this study. The prototype MLA was mounted onto the positioning stage of the conventional EDM machine.
The positioning performance of the EDM machine is shown in Table 2 . The positioning stage has a positioning stroke of 300mm in the X direction, 200mm in the Y direction and 200mm in the Z direction, which are much larger than those of the MLA, and 1µm positioning resolution, which is similar to the MLA. However, the several Hz bandwidth of the stage is much lower than that of the MLA.
In the EDM process, the electrode is attached to the spindle shaft of the MLA. The conventional EDM machine is used to feed the MLA body and to supply the discharge power to the electrode through the magnetic coupling mechanism. With this co-operatively controlled combination, a fast positioning response, highly accurate rotation and large positioning stroke of the electrode can be realized.
Co-operative EDM control system
During EDM, the discharge voltage between the electrode and the work-piece is determined by the gap between the electrode and the work-piece. In order to obtain a stable electrical discharge, a suitable gap between the electrode and work-piece is required. In the co-operative EDM system, the MLA and EDM machine adjust the position of the electrode to maintain a suitable gap according to the measured discharge voltage. Figure 3 shows the co-operative EDM control system for machining small-holes in the Z direction. In the control system, the discharge voltage V is monitored by the EDM machine and then passed through a lower pass filter (LPF) with a cut-off frequency of 300Hz and used as a feedback signal. The EDM controller generates the reference position of the electrode in the thrust direction according to the feedback voltage, V fb , and a reference EDM voltage, V r . The values of V r , K edm , β and γ were determined by experiment to obtain a stable electrical discharge and the highest machining speed.
The reference position is entered into the MLA system directly together with the initial levitation position of the electrode, Z 0 , and is entered into the conventional EDM machine through a LPF with a cut-off frequency of 5Hz. Following the reference position, the MLA rapidly and precisely adjusts the position of the electrode, Z, to maintain a suitable gap from the work-piece, and the conventional EDM machine slowly and continuously feeds the mounted MLA with the electrode in the machining direction, Z m , to avoid saturation of the positioning stroke of the MLA in the Z direction (20) . Therefore, the co-operative EDM system can realize a positioning response as fast as that of the MLA, as well as the large positioning range of the conventional EDM machine. In addition, when using the conventional EDM machine alone to feed the electrode during machining, the reference position calculated by the EDM controller is entered into the conventional EDM machine only. The MLA levitates the spindle shaft with the electrode, and the initial levitation position Z 0 is set to 0.
Co-operative EDM system
Experimental machining conditions
In order to evaluate the effectiveness of the fast positioning response of the electrode and electrode rotation by the MLA, small holes were machined using the conventional EDM machine alone, without electrode rotation; small holes were also machined using the co-operative EDM with electrode rotational speeds from 0rpm to 1200rpm in intervals of 200rpm. In order to compare the effectiveness of the fast-response positioning and electrode rotation for different aspect ratio holes, cylindrical shaped copper electrodes with diameters of φ0.5mm and φ1mm were used. The machining was continued until the electrode penetrated a 4mm-thickness pre-hardened steel work-piece with a hardness of 40 HRC (NAK 80, Daido Steel Corp., Ltd.). Pure water was used as the dielectric machining fluid.
The discharge voltage pulse duration was 17µsec and the duty cycle was 40%, with the polarity of the voltage on the electrode changed at each pulse in order to avoid electrical erosion of the EDM machine. The absolute value of the open circuit voltage was 190V.
During machining, although the positioning resolution and peak-to-peak rotational vibration in the radial directions increased to several micrometers due to sensor noise generated by the discharge sparks, the spindle levitation was stable. Furthermore, the several micrometers positioning resolution and peak-to-peak rotational vibration in the radial directions are acceptable in small hole-EDM.
Machining feeding processes
In co-operative EDM, the MLA adjusted the position of the electrode in a range of several hundred micrometers around the initial levitation position Z 0 ; in this study, the conventional EDM machine fed the MLA body in a range of several millimeters in the machining direction, while the displacement of the MLA body, Z m , was used to determine the machining feeding process. Figure 4 shows typical feeding processes for φ0.5×4mm through holes. According to the results, co-operative EDM with the electrode rotating at 800rpm took the shortest time to machine through the work-piece, while the conventional EDM machine without electrode rotation took the longest time. The results of machining φ1×4mm through holes, as shown in Fig. 5 , are similar to those of φ0.5×4mm through holes, with co-operative EDM with the electrode rotating at 600rpm machining through the work-piece in the shortest period of time. The results of machining φ0.5×4mm through holes were taken as examples in analyzing how the fast positioning response and electrode rotation increased the machining speed.
Effectiveness of high positioning response
The effectiveness of the fast positioning response was analyzed by comparing the results of machining using the conventional EDM machine alone and the co-operative EDM system, both without electrode rotation. Fig. 6 shows the feedback voltage, V fb , the displacement of the electrode, Z, in the MLA and the displacement of the MLA body, Z m , during machining φ0.5×4mm through hole using the co-operative EDM, without electrode rotation. The feedback voltage was monitored by the EDM machine system before feedback to the EDM controller; a V fb of 0V implies a short circuit condition and a V fb of 2.53V implies an open circuit one, with the voltage between the electrode and the work-piece being equal to the power-supply voltage (190V). The reference voltage, V r , had a V fb of 1.3V, which was used to control the position of the electrode to maintain a stable electrical discharge during machining.
According to the results, when a short circuit occurred due to abnormal conditions in the gap between the electrode and work-piece, the MLA retracted the electrode to avoid a short circuit, and then quickly fed the electrode back toward the work-piece to restart a 290 stable electrical discharge. During the stable electrical discharge, the EDM machine fed the MLA steadily in the machining feeding direction.
However, in the case of machining a φ0.5×4mm through hole using the conventional EDM machine without electrode rotation, as shown in Fig. 7 , when a short circuit occurred due to abnormal conditions in the electrical discharge gap, the EDM machine took a much longer time to adjust the electrode attached to the MLA to restart the electrical discharge. This longer time to adjust decreased the machining efficiency; thus the conventional EDM machine took longer to machine through the 4mm-thick work-piece.
Effectiveness of electrode rotation
During the machining process, the abnormal short and open circuits are mainly caused by debris between the electrode and the work-piece formed from the material removed. Electrode rotation during machining can increase the flushing effect of the dielectric fluid in removing accumulated debris.
The effectiveness of electrode rotation was analyzed by comparing the results of machining using co-operative EDM, with the electrode rotating at 800rpm and without rotation (0rpm). Fig. 8 shows the feedback voltage, V fb , and the displacement of the electrode, Z, in the MLA during co-operative EDM.
The results indicate that in the case of the co-operative EDM machine with the electrode rotating at 800rpm, much less incidence of short and open circuits occurred compared to that of co-operative EDM without electrode rotation, so that less adjustment of the electrode was needed to maintain a stable electrical discharge, thereby increasing the machining efficiency. Consequently, co-operative EDM with the electrode rotating at 800rpm took a shorter time to machine through the 4mm-thick work-piece compared to that of co-operative EDM without electrode rotation. Figure 9 shows the feedback voltage, V fb , over a period of 5 seconds for three typical cases in machining φ0.5×4mm through holes. Assuming that there is a stable electrical discharge when the feedback voltage is between 20% (0.5 V) and 80% (2.0V) of the open circuit voltage (2.53V), according to the results, it is easy to conclude that co-operative EDM with electrode rotation has the highest probability of a stable electrical discharge during machining.
Electrical discharge probability
In this study, the electrical discharge probability is defined as the ratio of the total stable electrical discharge time, calculated using the measured feedback voltage, to the machining time, and is adopted as a unified scale to reflect the machining efficiency. Electrical discharge probability % Rotational speed rpm shows the electrical discharge probability in various machining cases. In φ0.5×4mm and φ1×4mm through hole machining, without electrode rotation, the electrical discharge probability of co-operative EDM is much higher than that of the conventional EDM machine, and co-operative EDM with the electrode rotating at 600~800rpm possesses the highest electrical discharge probability. Figure 11 shows the machining speed in machining φ0.5×4mm through holes, where the machining speed is defined at the ratio of the machined depth to the machining time.
Machining speeds
Compatible with the results of the electrical discharge probability, co-operative EDM without electrode rotation increased the machining speed by 125% compared to the conventional EDM machine without electrode rotation; co-operative EDM with the electrode rotating at 800rpm increased the machining speed by a maximum of 343%.
The results of machining φ1×4mm through holes, shown in Fig. 12 , are similar to those of machining φ0.5×4mm through holes. Compared to the conventional EDM machine without electrode rotation, co-operative EDM without electrode rotation increased the machining speed by 337%, and co-operative EDM with the electrode rotating at 600rpm increased the machining speed by a maximum of 433%.
Experimental results and discussion
Comparing the results of machining speed in machining φ0.5×4mm and φ1×4mm through holes, it is worth pointing out that: without electrode rotation, the fast positioning response was more effective in increasing the machining speed in the case of machining φ1×4mm through holes; in rotary co-operative EDM, electrode rotation was more effective for increasing machining speed in the case of machining φ0.5×4mm through holes.
It was considered that in machining φ0.5×4mm through holes, the larger aspect ratio of the hole made it more difficult to clear debris from it. Even though the co-operative EDM system greatly increased the positioning response speed of the electrode, its effectiveness towards increasing the machining speed was limited by the efficiency with which the debris was removed; thus the fast positioning response was more effective in increasing machining speed in the case of machining φ1×4mm through holes. Furthermore, the smaller aspect ratio of φ1×4mm through holes led to a higher electrical discharge probability due to the more efficient removal of debris, as shown in Fig. 10 .
On the other hand, the large aspect ratio makes electrode rotation more crucial for removing debris in φ0.5×4mm through hole machining. Thus, the variations in electrical discharge probability and machining speed with rotational speed in φ0.5×4mm through hole machining are more pronounced compared to φ1×4mm through hole machining, as shown in Fig. 10 and Fig. 11 .
Conclusions
In this paper, co-operative control of a rapid-response 5-DOF controlled MLA combined with a conventional EDM machine was proposed as a means to increase the speed with which the electrode can be positioned and to rotate the electrode in small deep hole-EDM.
If a short or open circuit occurred during machining, the fast response of the co-operative EDM system without electrode rotation enabled the electrode to be adjusted and a stable electrical discharge to be restarted in a shorter time compared to a conventional EDM machine without electrode rotation; thus machining speeds were increased by 125% and 337% in machining φ0.5×4mm and φ1×4mm through holes, respectively.
Using the fast response co-operative rotary EDM, machining speeds were increased by a maximum of 343% in machining φ0.5×4mm through holes at 800rpm and 433% in machining φ1×4mm through holes at 600rpm, respectively. The experimental results also indicate that in co-operative rotary EDM, the effectiveness of electrode rotation on machining speed becomes more crucial as the aspect ratio of the machined hole increases.
In future work, since the electrode could be controlled in 5-DOF by the MLA, the authors are planning to investigate the effectiveness of combining high frequency orbital motion in the X and Y directions with the fast positioning response and electrode rotation on machining speed, and to investigate the effectiveness of electrode attitude compensation in the tilt (Θ and Φ) directions for eliminating the taper error of machined holes and for compensating the electrode chucking error in micro hole machining.
